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Abstract
This study examines amethodology that can aid the decisionmaker in projecting the performance of future
vessel concepts and in allocating the resources for technological research and development in an optimum
way. Themethod is generic, and can be applied to any system that can bemodeledmathematically, such as
a naval surface combatant or submarine. The method combines system-level design parameters with tech-
nology impact assessment. The impact of technology is assessed through the use of technology k-factors
through a design of experiments and response surface method that is coupled with a computational ship
synthesis model to modify the technical characteristics or the cost parameters of the design. These mod-
ifications result in changes to the technical metrics used to simulate the hypothetical improvement or
degradation associated with the new technology. This methodology is demonstrated through a technolog-
ical impact assessment of the operational characteristics of a conventional submarine design.
Introduction
If a complex system’s design, such as that of a
submarine, incorporates the use of current
technologies, there is a significant risk that the
system will not be able to perform well enough
to meet evolving threats when it enters active
service. New technologies must be considered at
the initial phases of the design’s concept explo-
ration because the impact of adding technologies
later in the design process will significantly
reduce the probability of attaining desired cost
schedule and system effectiveness goals.
At the system level, this study examines a meth-
odology that can aid the decision maker in
projecting the performance of future vessel
concepts and in allocating the resources for
technological research and development (R&D)
in an optimum way. The method combines sub-
marine design parameters, including technology
impact assessment, with mission analysis. The
impact of technology will be assessed through
the use of technology k-factors that will be
introduced into a mathematical synthesis model
and will modify the technical characteristics or
the cost parameters of the design. These modifi-
cations will result in changes in the technical
metrics to simulate the hypothetical improve-
ment or degradation associated with the new
technology.
The parametric mapping will be carried out
using response surface equations (RSE) based on
regression analysis using the results from the
synthesis model. The response surface method
(RSM) approach (Kirby and Mavris 2001)
allows the decision maker to efficiently perform
trade-off studies and to evaluate the costs and
benefits of new technologies before spending
the time and money to develop them.
Background
ROLE OF CONVENTIONAL SUBMARINES
Nuclear submarines with unlimited underwater
endurance are well suited to the task of sea con-
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high speeds while submerged to a distant patrol
area or escort surface shipping. However, a
modern submarine’s role in littoral warfare is
likely to be one of access denial to opposing
forces. While this is not a new mission, small,
conventionally powered submarines remain
suitable for littoral operations because of their
low acoustic, magnetic, and thermal signatures.
Highly capable conventional submarines now
form a key part of more than 66 nations’ order
of battle (Whitcomb and McHugh 1999).
DESIGN CONSIDERATIONS
The near-term developments in conventional
submarine design in many nations are primarily
focused on improving quiet submerged endur-
ance through air-independent propulsion (AIP)
systems. Two key performance factors of an AIP
system that affect the vulnerability of the sub-
marine are the AIP endurance and the balance
speed. AIP endurance is the period of time that
a submarine can remain submerged without the
need to use its diesel engines in order to charge
the batteries. Balance speed is the speed at which
the maximum AIP power is equal to the subma-
rine power requirements for hotel load and
propulsion. Above the balance speed, it is effec-
tive to run both the AIP system and the storage
battery, because a lightly loaded battery has a
larger effective capacity. Typical advertised
values of AIP endurance for some modern
submarines are 12–14 days at a balance speed of
4–6 knots (Hootman and Whitcomb 2005).
Technologies associated with these key parame-
ters have the potential to improve the design of
future submarines, but how can a designer or a
customer determine what technologies can pro-
vide the most improvement in the overall system
measures of effectiveness?
TechnologyForecasting
Analyses can be performed that are representa-
tive of current and desired technology in order to
contribute to the R&D process for future sub-
marines by identifying the target requirements
that a stakeholder would like a future submarine
to have.
Historically, the more promising technologies
are funded through a variety of sources, leading
to experiments or prototypes. Then, the best
technologies were selected and introduced into
the design. However, the current environment of
reduced funding for R&D and increased com-
petition requires a very careful selection of the
R&D projects that a company is going to
undertake. A strategic technology development
plan has as its main objective the identification
of the technology areas that can maximize the
company’s return on investment.
There are a variety of alternative models for
financing innovation. The procedure of
developing a new piece of technology for incor-
poration into an existing complex product, such
as a submarine, consists of three stages (Ander-
son et al. 1997): stage 1 examines the feasibility
of developing the technology, stage 2 is the full-
scale development of the R&D project, and
stage 3 is the integration of the new technology
in the product. Stage 1 is the point where the
company needs to have flexibility and plan on
various different scenarios. The company needs
to recognize the uncertainty and risk factors
associated with the new technologies.
The true impact of the technology could not be
assessed completely without consideration of its
impact on the entire system. This assessment
must be performed at the entire system level, and
it should integrate the new technology with the
rest of the design. Therefore, the decision maker/
designer must have some means of predicting
how the new technologies will impact the final
product.
OVERALL MEASURES OF EFFECTIVENESS
(OMOE)
To quantify performance, it must be understood
that there are many variables and situations that
can be examined to determine the effectiveness
of technology.
The selection between different designs can be
carried out using an OMOE and a structured
analysis and multicriteria decision-making
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process. Such a process and its corresponding
analysis must be firmly grounded in the princi-
ples of systems engineering and it must have clear
traceability back to the requirements that were
established (Hootman and Whitcomb 2005).
Specifically, a structured, hierarchical effective-
ness and performance analysis can facilitate an
informed negotiation of requirements, desire-
ments, and design parameters by decision
makers. This process allows vehicle design and
mission requirements, ‘‘when optimized to max-
imize the overall effectiveness of the system, [to]
become the requirements to which the vehicles
are then designed’’ (Soban and Mavris 2000).
This can be further generalized to the entire
concept design framework to show that the ob-
jective is not to develop a single absolute
optimum, but rather to elicit relationships for
determining what characteristics have the great-
est impact on the design, why they do, and how
these relationships can be better exploited to
lead to a better design.
Method
This paper examines a new methodology that
can aid the decision maker in projecting the per-
formance of future vessel concepts and in
allocating the resources for R&D in an optimum
way. The impact of technology will be assessed
through the use of technology k-factors, which
will be introduced into a mathematical synthesis
model to modify the technical characteristics or
the cost parameters of the design. The modifica-
tion will result in changes of the technical
metrics, to simulate the hypothetical improve-
ment or degradation associated with the new
technology. The parametric mapping will be
carried out using RSE based on regression anal-
ysis using the results from the synthesis model.
The RSM approach allows the decision maker to
efficiently perform trade-off studies and evaluate
the costs and benefits of new technologies with-
out spending the time and money to develop it.
Figure 1 shows how this method is applied.
The next step in applying this method is to syn-
thesize a model as a baseline submarine (the
conventional AIP) to serve as a departure point
for the variation studies. The baseline submarine
was modeled using a mathematical model devel-
oped for this study; therefore, the performance
of the submarine is based on estimates and is not
intended to accurately model, or to be represen-
tative of, any actual existing design (Psallidas
et al. 2010). The submerged displacement of the
study baseline submarine is 1,480 tons, and it
has a 163 kWAIP system. The comparison of the
baseline and target performance requirements is
presented in Table 1.
Having achieved a balanced design, the model
estimates the performance parameters to ensure
that it achieves the desired requirements. The
performance module calculates the maximum
surfaced range, the maximum submerged range at
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Figure 1: Flow Chart of Methodology
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rates (IRs) that correspond to those speeds. It
also calculates the OMOE of the design, based
on the relative weights as specified by the user
(Hootman and Whitcomb 2005; Psallidas et al.
2010).
DESIGN OF EXPERIMENTS (DOE)
The impact of technology is assessed using tech-
nology k-factors. These factors are introduced
into the mathematical synthesis model to modify
the technical parameters of the design. The
modification will result in changes of the techni-
cal metrics to simulate improvement or
degradation associated with the new technology.
The parametric mapping will be performed
using RSE based on regression analysis using the
results from the synthesis model. With the use
of RSM, the designer will develop an n-
dimensional surface using a group of techniques
in the empirical study of relationships between
one or more measured responses (the output
variables) and a number of factors (the input
variables). The surface represents all the feasible
balanced designs.
In order to develop the RSE, a finite number of
point designs must be developed. The combina-
tions of k-factors are determined using the DOE
method, which is a method by which the inputs
of a process are varied in a way that will allow
the designer to better understand the process and
determine how the inputs can affect the outputs.
The DOE provides a combination of the k-
factors that will be statistically efficient in
generating the required data for the development
of RSE.
SCREENING EXPERIMENT
Before the development of the RSEs, a ‘‘screen-
ing’’ experiment was performed. The screening
experiment identified which design factors are
statistically significant to the response, and pro-
vided a metric showing the relative importance
of each k-factor on the system-level outcome.
The designer can examine numerous k-factors
and quantitatively understand the effect that
each of these factors has on the overall design.
Given a set of p factors to the overall design
problem, a small set of designs is developed by
linearly selecting two factor values over a sig-
nificant range of each factors’ value. The result is
a set of n designs determined as follows:
Required number of DOE designs:
n ¼ 2p ð1Þ
After these designs are developed, the designer can
use statistical techniques to determine the individ-
ual and interactive effects each factor has with the
overall design (Goggins 2001). Thus, the designer
can determine a smaller setm of the p factors that
have the greatest impact on the design.
For this study, nine k-factors were used to per-
form the screening experiment. The range of the
k-factors reflects both benefits and penalties to
the various subsystems in order to simulate the
consequences of the use of new technologies.
The selected k-factors for the screening experi-
ment and their ranges are the following:
&k_bat_w (range: 60–110%): Used to modify
the weight of the baseline storage battery, in
order to model new batteries.
&k_bat_v (range: 60–110%): Used to modify
the volume of the baseline storage battery.
&k_struct_w (range: 95–100%): Used to mod-
ify the weight of the structures, in order to
model new structural materials.
&k_aip_w (lb/kW) (range: 50–113%): Used to
modify the weight per kWof the AIP plant, in
order to model AIP systems different than the
baseline. The baseline AIP system is a 163 kW
stirling plant.
&k_aip_v (ft3/kW) (range: 50–138%): Used to
modify the volume per kWof the AIP plant.
TABLE 1: Baseline and Target Submarine
Requirements
Baseline Target
AIP endurance (days) 14 17
Balance speed (knots) 4 5.5
IR at 8 knots (with AIP) (%) 10 8
OMOE 0.47 0.49
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&k_aip_fc_w (lb/kWh) (range: 50–140%):
Used to modify the weight impact of AIP fuel
consumption on the submarine.
&k_aip_fc_v (ft3/kWh) (range: 50–140%):
Used to modify the volume impact of AIP fuel
consumption on the submarine.
&k_aip_oc_w (lb/kWh) (range: 50–110%):
Used to modify the weight impact of AIP
oxidant consumption on the submarine.
&k_aip_oc_v (ft3/kWh) (range: 50–110%):
Used to modify the volume impact of AIP
oxidant consumption on the submarine.
The ranges of the k-factors were selected in
order to model the benefits and penalties of new
technologies. In the real case, the limits of the
k-factors must be selected based on projections
of technical feasibility and compatibility of
known technologies. For the purpose of this
study, the dimensions of the submarine were kept
constant and the variation of sizes and weights of
the different components, caused by the variation
of k-factors, was reflected by improving or de-
grading the performance of the submarine.
A statistical analysis software package called JMP
by SAS Institute Inc. was used to analyze the
results of the experiment. A prediction profiler
was created to show the effect of each k-factor on
the performance metrics as shown in Figure 2.
Themagnitude and the direction of the slopes show
the influence of the k-factors on the responses.
If a parameter does not contribute significantly to
the response at the point selected by the analyst or
the designer, the slope is 0. More accurate results
on the contribution of each factor to the final re-
sponse can be found by investigating Pareto plots,
which illustrate the absolute values of the scaled
estimates, showing their composition relative to
the sum of absolute values (SAS 2002).
The responses used to identify the k-factors that
have a greater influence on the design are the
following:
&The OMOE, as it reflects the overall perfor-
mance of the submarine, and
&The balance speed, as it affects the underwater
range and the IR of the submarine.
The Pareto plot of the OMOE is presented in
Figure 3.
The bars indicate the contribution of the k-
factor to the overall change in the response
Figure 2: Prediction Profiler
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metric of interest and the line indicates the cu-
mulative effect of the k-factor impacts. It is clear
that 80% of the variability is due to the factors
in the box. Therefore, the screening experiment
indicates that the k-factors that affect OMOE
the most are k_bat_w, k_bat_v, k_aip_oc_w, and
k_aip_fc_w.
Next, the Pareto plot of the balance speed is
presented in Figure 4.
It is also clear here that 80% of the variability is
due to k_bat_v, k_bat_w, k_aip_oc_w, and
k_aip_fc_v.
Therefore, them k-factors (m5 5 in this exam-
ple) that are most important and will be used for
the response surface study are k_bat_v, k_bat_w,
k_aip_oc_w, k_aip_fc_v, and k_aip_fc_w.
RSM
RSMs concentrate on them factors identified by
the DOE screening experiment that have the
greatest impact on the overall ship design. To
develop the RSEs, similar to the screening
experiment, the values of the m factors are lin-
early varied; however, at least three values of
each are generally used: a threshold (minimum
value), goal (maximum value), and middle
(mean of the threshold and goal values).
A central composite design was created from the
five k-factors. Twenty-seven balanced designs
were required according to the model, and the
responses calculated by the submarine synthesis
model were used by JMP to generate the RSE.
At this point, JMP’s graphical interfaces can be
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Figure 4: Balance Speed Pareto Plot
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with the addition of statistical modeling to the
concept exploration process, a finite number of
designs can be used to create an ‘‘infinite’’ num-
ber of possibilities to study variations of the
k-factors.
VISUALIZATION OF RESULTS AND TRADE-OFF
STUDIES
Given the RSEs, trade-off studies can be con-
ducted easily, and visualized in the interactive
environment of JMP. Figure 5 presents a set of re-
sponse surfaces as it is presented in the program.
Along this surface, the designer can find the
optimal solution and effectively perform
trade-off studies. Two clear benefits of this
methodology are the following:
&The designer can assess the predicted impact
of a known technology on the performance of
the submarine. The only thing that the de-
signer will have to do is to set the k-factors at
the levels that reflect the new technology and
the RSE will predict the responses. It is
important to include positive and negative
effects of the k-factors, because technologies
can have positive effects in one metric and
negative ones in another.
&The designer will be able to select the
combination of k-factors that will give the
submarine a target performance. Then the
designer will know the technology areas that
require further investigation in order to
achieve the target k-factor levels.
Another way to understand the impact of the
k-factors on the selected responses is the predic-
tion profiler. Figure 6 shows how the variation of



















Figure 6: Prediction Profiler
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clear that the variation of battery weight
and volume affects all the responses
significantly. This is expected because the
battery weight and volume are significant
fractions of the displacement and the pressure
hull volume, respectively, in conventional
submarines.
The RSE generated allow the designer to visual-
ize the entire design space and determine what
regions are feasible based on different sets of
constraints. The contour plot in Figure 7 shows
the contours of the AIP endurance, OMOE, IR
at 8 knots, and balance speed in the k_bat_w–
k_bat_v plane.
In this figure, the other three k-factors are fixed,
and the AIP endurance curve represents all the
combinations of k_bat_w and k_bat_v that yield
an AIP endurance of 17 days. Because our target
value of AIP endurance should be equal to or
greater than 17 days, we can conclude that the
feasible design space is the part of the plot that is
not shaded.
The second target requirement stated that
the indiscretion ratio at 8 knots should be
o8%. Figure 8 shows the feasible design
space as the unshaded area, in order to meet this
requirement.
The third target requirement was that the
OMOE of the submarine should be40.49. The
small unshaded region in the bottom left of
Figure 9 represents the feasible design space in
order to meet that constraint.
The fourth target requirement is that the AIP
balance speed should be45.5 knots. The small
unshaded region in the bottom left of Figure 10
shows the feasible design space, for the lower
limit of 5.5 knots.
Superimposing the previous five figures creates
Figure 11, in which the small unshaded region in
the bottom left corner represents the feasible de-
sign space in order to meet all the target
requirements. Now, the designer is able to select
Figure 7: Design
Space with AIP Endur-
ance Constraint
Figure 8: Design
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the combination of k-factors that will allow
meeting the requirements.
The following Figure 12 shows the design
space in the k_aip_fc_w, k_aip_fc_v plane
with the same constraints imposed to the
model.
In addition, the designer has the ability to ex-
plore how the design space will change
with the variation of the target requirements.
Figure 13 presents the contours of 14, 15, 16, 17,
and 18 days of AIP endurance with the low
and high limits set to 14 days and 18 days,
respectively.
Using this figure, the designer can determine
the required combinations of k-factors for
different target requirements, and will be
able to decide whether the goals of the
future are set too high and the requirements need
to be relaxed.
Conclusions
This study has presented a methodology demon-
strated with a conventional submarine design
example that allows decision makers to justify
decisions and develop a logical R&D program.
Thus, an organization will be able to allocate
resources in an optimum way to fund R&D
projects that may potentially yield a higher
return on investment.
Further, the method aids decision makers
and designers in performing trade-off studies
to select an optimummix of known technologies
to meet the target requirements. By using tech-
nology k-factors and developing response
surfaces, designers can simulate the impact of
any combination of technologies on the final
design.
If it is assumed that the limits of the k-factors
reflect projected technology levels, and given
that a feasible design space exists, the future
concept will be able to achieve the target
requirements.
Figure 11: Design
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In the case that no feasible design space exists
for the selected k-factor limits and target
requirements, this method can also be applied
to show the combination of k-factors and
requirements that will yield a feasible design
space. Then the decision maker can decide
whether the requirements should be relaxed, or
the process should be repeated with broadened
k-factor limits. Lastly, the user can identify areas
that require the development of completely new
technologies.
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